The Elk subfamily of the Eag potassium channel gene family is represented in mammals by three genes that are highly conserved between humans and rodents. Here we report the distribution and functional properties of a member of the human Elk potassium channel gene family, KCNH8. Quantitative RT-PCR analysis of mRNA expression patterns showed that KCNH8, along with the other Elk family genes, KCNH3 and KCNH4, are primarily expressed in the human nervous system. KCNH8 was expressed at high levels and the distribution showed substantial overlap with KCNH3. In Xenopus oocytes, KCNH8 gives rise to slowly activating, voltage-dependent potassium currents that open at hyperpolarized potentials (half maximal activation occurred at -62mV). Coexpression of KCNH8 with dominant negative KCNH8, KCNH3 and KCNH4 subunits lead to suppression of the KCNH8 currents, suggesting that Elk channels can form heteromultimers. Similar experiments imply that KCNH8 subunits are not able to form heteromultimers with Eag, Erg or Kv family potassium channels.
Introduction.
Several important families of potassium channel genes were originally discovered in Drosophila through the characterization of mutations that caused hyperexcitability.
These include the voltage-gated potassium channels (Kv), large conductance calciumactivated potassium channels (BK), and Eag family potassium channels (Papazian et al., 1987; Warmke et al., 1991; Atkinson et al., 1991) . The Eag potassium channel gene family derives its name from the Drosophila behavioral mutant ether-à-go-go, which exhibits abnormal neuromuscular transmission (Ganetzky and Wu, 1983) . Ether-à-go-go was found to have mutations in a novel potassium channel gene that is distantly related to both voltage-gated potassium channels and cyclic nucleotide-gated channels (Warmke et al., 1991) . A combination of genetic analysis, homology screening and database mining has shown that the Eag gene represents a family of potassium channel genes conserved between Drosophila and mammals (Warmke and Ganetzky, 1994; Titus et al., 1997; Shi et al, 1998 , Engeland et al., 1998 , Ganetzky et al., 1999 . These Eag family channels share substantial sequence homology in a region of approximately 700 amino acids extending from the N-terminus through a canonical voltage-gated potassium channel motif of 6 transmembrane domains and a potassium channel pore, to a C-terminal region with a cyclic nucleotide binding domain. It has more recently been shown that most Eag family channels also contain an N-terminal PAS domain (Morais Cabral et al., 1998) .
Because of the structural homology to voltage-gated potassium channels, it is very likely that members of the Eag family channels function as tetramers. This likely structure leaves open the possibility that Eag family channels function as heterotetramers in at least some situations as is the case for several other potassium channel families. Cyclic nucleotides are not necessary for channel activity like they are for cyclic nucleotide-gated channels (Robertson et al., 1996) . Although the role of cyclic nucleotides in Eag channel gating has not been extensively studied, it is possible that cyclic nucleotides play a subtle role in Eag channel gating like they do for the structurally-related hyperpolarizationactivated cation channels from the HCN gene family (Santoro and Tibbs, 1999) .
The Eag family consists of three closely related subfamilies of genes defined by sequence homology, Eag, Erg (ether-à-go-go related gene) and Elk (ether-à-go -go-like k channel). Each of the three subfamilies is defined by the high degree of homology shared among members in the conserved region described above (60-80+% amino acid identity).
A somewhat lower level of homology is shared between subfamilies (approximately 40% amino acid identity). All three subfamilies are conserved between Drosophila and mammals, suggesting an early origin in metazoan evolution. The Elk subfamily of potassium channels was first discovered in Drosophila based on homology to the Drosophila Eag potassium channel (Warmke and Ganetzky, 1994) . Three distinct mammalian Elk potassium channel genes have since been identified (Shi et al., 1998 , Engeland et al., 1998 , Miyake et al., 1999 ). There has been some level of confusion generated in the naming of these Elk genes because the same names were given to distinct genes in two of these publications. In this paper we will refer to the Elk gene presented in Shi et al. (1998) as KCNH8. The gene presented as Elk1 in Engeland et al. (1998) and as BEC2 in Miyake et al. (1999) is referred to as KCNH4, and the gene presented as Elk2 in Engeland et al. (1998) and BEC1 in Miyake et al. (1999) is referred to as KCNH3. Here we show human KCNH8 is widely expressed in the human central nervous system and appears to overlap the distribution of human KCNH3 and KCNH4, FINAL ACCEPTED VERSION C-00179-2003.R1 5 which are also predominantly expressed in the nervous system. Because Elk channels are likely to function as tetramers, the overlapping distribution raises the possibility that heteromultimeric Elk channels may be functionally relevant in vivo. Therefore, we investigated the possibility that Elk channels can form heterotetramers through the coexpression of wild-type (WT) and dominant-negative (DN) Elk family subunits. We report here that distinct Elk channel subunits can coassemble with each other, but that they likely do not coassemble with Eag and Erg family subunits. minute were used to generate the data. Reactions were performed in 20µl using Taqman Universal Master Mix (Perkin Elmer), 300nM each primer and 200nM probe.
Quantification of gene expression in the sample RNAs was achieved by comparing the threshold cycle (C t ) values for each sample to a standard curve of C t vs. copy number (Heid et al., 1996) . Control plasmids for standard curve generation were designed for each primer/probe set and quantified using OD 260 . Copy numbers were determined using the molecular weight of each plasmid, and samples containing 10-10 8 copies were used to generate standard curves. Copy numbers in experimental samples were determined using the equation Log copy number =(Ct-I)/S, where Ct is the threshold cycle value of the sample, I is the intercept and S is the slope of a linear fit of the standard curve data. To allow for comparisons across tissues, the results for each RNA sample were then normalized by dividing the copy numbers obtained for each Elk gene by the copy number obtained for the reference gene RS9. All assays were performed in duplicate and the average values are reported.
Functional Expression in Xenopus oocytes.
Capped cRNAs were prepared by run-off transcription with T3 RNA polymerase using the mMessage mMachine kit (Ambion, Austin, TX, USA) and diluted in RNasefree ddH 2 O to desired concentrations before injection. Mature Xenopus oocytes were prepared for injection as described in Wei et al., 1990 . Briefly, X. laevis (Nasco, Ft. amplifier. Data collection and analysis were performed using pCLAMP software (Axon Instruments, Union City, CA, USA). In order to study the voltage-dependence of activation, the deactivating tail current amplitude was measured at -60 mV following a series of 3 s depolarizing steps (-100 mV to +10 mV in 10 mV increments) from a holding potential of -100 mV. Activation curves were generated by plotting normalized tail current amplitude against the step potential and were fit with a Boltzman distribution according to the following equation:
where A is the amplitude of the relationship, V ½ is the voltage for half activation, V m is the step potential and k is the slope factor.
In order to describe the timecourse of human KCNH8 activation, currents were elicited with a series of 3 s depolarizing steps from -60 mV to +10 mV in 10 mV increments in regular ND96 from a holding potential of -100 mV and the activation phase was fit with a double exponential function, according to the following equation:
where A fast and A slow are the amplitudes of the fast and slow components and fast and slow are the activation time constants.
In order to describe the time course of KCNH8 current deactivation, tail currents were elicited by repolarizing to voltages in the range -110mV to -150mV following a 3 s depolarization to +20mV. Tail current decay was best fit with a double exponential function, according to equation 2.
In order to determine the KCNH8 current reversal potential, tail currents were elicited by repolarizing the membrane to potentials in the range -120 mV to -40 or 0 mV in 10 mV increments, following a 3 s voltage step to 20 mV. Measurements of tail currents were made in regular ND96 solution and in hi-K + ND96 solution. Reversal potentials were calculated from linear fits of instantaneous tail current amplitude against repolarization potential.
To study the effects of barium, KCNH8 currents were elicited by depolarizing the membrane to 0 mV for 500 ms from a holding potential of -100mV. In all studies, linear leak was subtracted using either a P/4 or a P/8 protocol employing voltage steps of the opposite polarity to the test steps from a holding potential of -100mV.
Dominant Negative expression.
The concentration of cRNAs encoding the wild type (WT) ion channels used in the present experiments was empirically determined in order to generate current amplitudes between 1 and 10µA on the day of study (typically 0.1 -1ng/nl for Elk, Erg and Eag channels and 1pg/nl for KCNB1). cRNA encoding WT human KCNH8, hEag2, hErg3 was co-injected with a fixed amount (0.1 ng/nl) of cRNA encoding a dominant negative (DN) Elk subunit. KCNH8, Eag or Erg current amplitude was determined in oocytes injected with WT cRNA alone and this was compared with current amplitude in oocytes co-injected with WT and DN cRNAs. In order to determine if co-injection of DN cRNAs could suppress WT ion channel gene expression in a non-specific manner (for example by saturation of translation or protein synthesis), DN cRNAs were coinjected with an unrelated K + channel Kv2.1.
Statistics.
All data are expressed as mean ± standard error of the mean (s.e.m) for n > 3 observations. Statistical significance was determined using a suitable (hetero-or homoscedastic) 2-tailed unpaired t-test. A P < 0.05 was considered significant.
Results

Molecular Conservation of KCNH8
Human KCNH8 encodes a protein of 1107 amino acids containing all the key features of an Eag family channel. An alignment of the deduced amino acid sequence of KCNH8 to the rat Kcnh8 ortholog, human KCNH3 and human KCNH4 is shown in Figure 1 . The amino acid sequences of human KCNH8 and rat Kcnh8 are over 90% (Figure 3 ). KCNH3 was the predominant Elk gene expressed in the cerebral cortex, hippocampus, amygdala, caudate and nucleus accumbens. Nevertheless, the other Elk genes, KCNH8 and KCNH4, were also expressed in these tissues, suggesting the possibility of coexpression at the cellular level in at least some subpopulations of neurons. KCNH8 and KCNH3 genes were also expressed together in the thalamus, substantia nigra, pons and cerebellum, but in these tissues, the balance of expression level is shifted towards KCNH8. Expression of all three genes was very low in non-neuronal tissues (data not shown). In each case, testis
showed the most significant expression at 0.59, 1.13 and 0.11% RS9 for KCNH8, KCNH3, and KCNH4, respectively. The unique, yet overlapping expression patterns of the human Elk genes suggested to us that both homomultimeric and heteromultimeric Elk channels may be functionally relevant in the human brain.
Functional properties of human KCNH8.
To characterize the biophysical properties of the human KCNH8 gene product, we expressed KCNH8 in Xenopus oocytes. As shown in figure 4A , robust, slowly activating currents were routinely recorded from oocytes injected with human KCNH8 cRNA.
KCNH8 currents exhibited a small amount of inactivation at test potentials +10 mV and similar currents were never recorded from uninjected oocytes (data not shown). In regular ND96 solution, KCNH8 outward currents could be resolved at potentials positive to -90mV. However, the true threshold for activation of KCNH8 channels was difficult to determine in regular ND96 solution since the threshold voltage occurred at potentials that were close to E K under these conditions. In order to study the voltage-dependence of channel activation, deactivating tail current amplitude was measured at -60 mV following a series of 3 s depolarizing steps (-100 mV to +10 mV in 10 mV increments).
The KCNH8 activation curve shown by the circles in Figure 4C was constructed by plotting normalized tail current amplitude against the step potential and fitting the data with a Boltzman distribution. These studies confirmed that KCNH8 activated at voltages of above -90mV and, on average, the voltage at which half-maximal activation occurred (V½ act) was -62.4mV ± 1.2 mV (k = 10.7 ± 0.3 mV; n = 10). KCNH8 currents were also recorded in hi-K + ND96 solution, as illustrated in figure 4B . Under these conditions, inward currents were observed at voltages between -90mV and -50mV, whereas outward currents were observed at voltages above -40mV. Repolarization to -60mV following 3 s depolarizing steps (-100 mV to +10 mV in 10 mV increments) elicited inward tail currents. Activation curves generated from these inward tail currents were similar to those generated in normal ND96 solution (threshold for activation = -90mV and V½ act = -68.0 ± 1.2 mV, k = 10.4 ± 0.7 mV; n = 8).
In order to confirm the currents measured were potassium currents, we measured the reversal potential of voltage-activated currents in KCNH8 injected oocytes in normal and elevated extracellular K + . Currents were elicited by 3 s voltage steps to 20 mV and tail currents were obtained by repolarization to a series of potentials in the range -120 mV to -40 or 0 mV in 10 mV increments. Reversal potentials were calculated from linear fits of instantaneous tail currents (see methods) against repolarization potential. The KCNH8 reversal potentials were calculated as -93 ± 1.5 mV (n = 10) and -44.4 ± 3.0 mV (n = 5) in normal ND96 and in hi K + ND96, respectively ( figure 4D ). These values were plotted against the extracellular K + concentration and fitted with a logarithmic regression, yielding a slope of 48 mV per decade. These results indicate that KCNH8 encodes a K + -selective channel, although the slope value was marginally less than the slope value predicted for a purely K + selective channel (58mV per decade, see dashed line in figure   4D ).
KCNH8 current activation at voltages between -60 mV and + 10mV (activation time courses could not be accurately fit above +10mV because of inactivation) was fit using an exponential function and two distinct kinetic components were identified. As shown in Figure 4E , both activation time constants were voltage-dependent. For example, act slow decreased from 1674 ± 102 ms (n = 12) at -60 mV to 259 ± 29 ms (n = 12) at +10 mV.
Similarly, act fast decreased from 293 ± 19 ms (n = 12) at -60mV to 44.7 ± 3.6 ms (n = 12) at +10mV. In order to describe the time course of KCNH8 current deactivation, tail currents were elicited by repolarizing to voltages in the range -110mV to -150mV following a 3 s depolarization to +20mV and tail current decay was fit with an exponential function. As for activation, deactivation was best described by the sum of two kinetically distinct and voltage dependent components ( deact slow and deact fast ).
deact slow increased from 260 ± 25 ms (n =10) at -150 mV to 331 ± 33 ms (n =10) at -110 mV whereas deact fast increased from 28 ± 2.2 ms (n = 10) at -150mV to 65.6 ± 4.4 ms (n = 10) at -110mV ( Figure 4F ).
In pharmacological experiments, Ba 2+ inhibited KCNH8 currents with an IC 50 value of 0.18 ± 0.03 mM (slope = 0.82 ± 0.03, n = 6).
KCNH8 co-assembles with KCNH3 and KCNH4.
Our quantitative PCR data demonstrate that KCNH8 is co-expressed with other members of the Elk family in many brain regions. These data raise the possibility that human KCNH8 may form heteromultimeric channel complexes with human KCNH3 and/or human KCNH4 in the brain. In order to investigate this possibility further we used a dominant negative strategy to determine whether KCNH8 channels are capable of coassembling with KCNH3 and KCNH4 in the Xenopus oocyte expression system. As described in the methods section, wild-type (WT) human KCNH8 cRNA was injected at a concentration sufficient to generate sub-maximal KCNH8 currents, similar to those shown in Figure 5A . KCNH8 currents were elicited with a series of 3 s depolarizing steps (-100 mV to +40 mV in 10 mV increments) and mean (± S.E.M) current amplitude is plotted against voltage in figure 5E . On average, KCNH8 current amplitude at +40 mV was 6.6 ± 0.34 µA (n = 8) following injection of KCNH8 cRNA alone ( Figure 5E ).
Co-injection of the same amount of WT KCNH8 cRNA with dominant negative (DN) KCNH3 ( Figure 5C ) or KCNH4 ( Figure 5D ) resulted in a marked decrease in current amplitude. KCNH8 current amplitude at +40 mV was significantly (P < 0.05) reduced from 6.6 ± 0.34 µA (n = 8) in oocytes injected with KCNH8 alone to 2.9 ± 0.6 µA (n = 8) or 1.5 ± 0.1 µA (n = 8) in oocytes injected with either KCNH8/KCNH3-DN or KCNH8/KCNH4-DN, respectively ( Figure 5E ). Comparable reductions in KCNH8 current amplitude were also observed when oocytes were injected with KCNH8/KCNH8-DN ( Figures 5B and 5E ). The results of these dominant negative experiments suggest that closely related human Elk family subunits are capable of co-assembling in Xenopus oocytes.
Using the same dominant negative strategy, we next sought to determine whether human Elk subunits were also capable of co-assembling with the more distantly related members of the Eag potassium channel family, human KCNH5 (hEag2) and human KCNH7 (hErg3). Mean (± S.E.M) current amplitudes measured in oocytes expressing KCNH5 alone, KCNH5/KCNH3-DN or KCNH 5/KCNH4 -DN are plotted against voltage in Figure 6A . hElk dominant negative subunits did not reduce KCNH5 current amplitude at any voltage. Peak KCNH5 current amplitude at +40mV was 10.4 ± 0.4 µA (n = 13) in oocytes injected with KCNH5 alone and 10.3 ± 0.4 µA (n = 10) and 10.4 ± 0.5 µA (n = 9) in oocytes injected with KCNH5/KCNH3-DN and hKCNH5/KCNH4-DN, respectively (P > 0.05). hElk dominant negative subunits were similarly without effect on KCNH7 currents. Current-voltage relationships for KCNH7 in the absence or presence of hElk dominant negative sub-units are shown in figure 6B . Peak KCNH7 current amplitude was 2.6 ± 0.2 µA (n = 8) in oocytes injected with KCNH7 alone and 2.5 ± 0.2 µA (n = 7) and 2.4 ± 0.2 µA (n = 8) in oocytes injected with KCNH7/KCNH3-DN and hErg3/hKCNH8-DN, respectively (P > 0.05). The findings of these studies indicate that hElk family subunits are incapable of co-assembling with more distantly related members of the hEag family in Xenopus oocytes. In order to determine if coinjection of dominant negative cRNAs could suppress ion channel gene expression in a non-specific manner, dominant negative hElk constructs were co-injected with an unrelated K + channel, human KCNB1 (Kv2.1). At the concentrations used in the present study, hElk dominant negative subunits did not reduce KCNB1 expression ( Figure 6C ), suggesting that the dominant negative constructs used in the present study did not exert a non-specific inhibitory effect on K + channel gene expression.
Discussion
Three distinct mammalian Elk potassium channel genes, KCNH8, KCNH3 and KCNH4, have been identified (Shi et al., 1998 , Engeland et al., 1998 , Miyake et al., 1999 . In the present study we have measured KCNH8 gene expression in the human brain using real-time RT-PCR analysis, and we have characterized the functional properties of the KCNH8 gene product. Our results show that the sequence and structure of the KCNH8 gene is highly conserved between humans and rat. The approximately 90% amino acid identity shared between human and rat KCNH8 is a rather typical level of conservation for ion channel genes, and is seen for human-rodent comparisons of the other Elk subfamily genes.
The Drosophila Elk gene provides evidence that the Elk subfamily is conserved in invertebrates, but the level of conservation of biophysical properties is not known because this gene has not yet been heterologously expressed. Interestingly, the Elk family appears to be absent in nematodes. Because two distinct nematode genomes have been sequenced virtually to completion, it is highly unlikely that a nematode Elk gene was missed. Although the majority of ion channel types that are conserved between mammals and Drosophila are also found in nematodes, there are other cases similar to this. For instance, voltage-gated sodium channels also appear to be missing in nematodes. Without a clear definition of the physiological role of Elk subfamily channels, it is difficult to speculate why the Elk family is absent in nematodes.
The results presented here and elsewhere suggest that KCNH8, along with KCNH3 and KCNH4, are primarily expressed in the nervous system. Furthermore, in situ hybridization in the rat shows that the Elk genes are expressed almost exclusively in neurons (Saganich et al., 2001) . In the human brain, KCNH3 was the predominant Elk gene expressed. KCNH3 has also been shown to be the most abundant Elk gene expressed in the rat brain (Saganich et al., 2001) . The distribution of human and rat KCNH3 appears to be very similar, with both being highly expressed in many forebrain structures. In contrast, our data shows distinct distributions for the human and rat KCNH8 and KCNH4. In rat, KCNH4 is expressed in many forebrain regions, while KCNH8 is virtually absent (Saganich et al., 2001) . In humans, almost the opposite appears to be the case, with KCNH8 more highly and widely expressed. Such divergent distributions of human and rat orthologs is not unknown in the ion channel field. Another example of this phenomenon is found in DRASIC, or ASIC3, a pH-sensitive member of the amiloride-sensitive sodium channel gene family. DRASIC appears to be expressed almost exclusively in sensory neurons in rats (Waldmann et al., 1997) , while its human ortholog (ASIC3) is highly expressed in a wide variety of neuronal and non-neuronal tissues (Babinski et al., 1999) .
Human KCNH8 currents in Xenopus oocytes activate slowly over a hyperpolarized voltage range, exhibit little inactivation near the resting potential, and are inhibited by Ba 2+ . While slow kinetics, lack of inactivation and Ba 2+ -sensitivity have also been noted for rat Kcnh8, it is interesting to note that the rat ortholog appears to activate over a more depolarized voltage range (mid-point for activation of rat Kcnh8 was +9.3 mV in the study of Shi et al., 1998 compared to -62 mV for human KCNH8 in the present study). This observation was somewhat surprising given the high degree of sequence homology between human and rat KCNH8 genes. The biophysical properties of human KCNH8 are very similar to those reported for rat Kcnh4 (Engeland et al. , 1998) and thus it seems likely that these channels serve similar physiological roles. In contrast, human KCNH8 currents exhibit properties that are quite distinct from those reported for KCNH3 currents, that activate at slightly more depolarized potentials and undergo substantial inactivation at depolarized potentials (Engeland et al. , 1998; Trudeau et al ., 1999; Miyake et al., 1999; Becchetti et al., 2002 Transmembrane domains S1-S6 are underlined with a solid black line and the potassium channel pore motif is underlined with a solid gray line. An N terminal PAS domain (small dashes) and a cyclic nucleotide binding domain (long dashes) are also underlined.
The sources of the rat Kcnh8, human KCNH4 and human KCNH3 sequences are
Genbank accession numbers AF061957, BA83590 and BA83592, respectively.
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Average normalized tail current amplitude at -60 mV from 10 oocytes in normal ND96
(circles) and 8 oocytes in hi-K + ND96 (squares) are plotted against the step potential.
Half-maximal activation of KCNH8 occurred at -62.4mV ± 1.2 mV in regular ND96 and 
